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SUMMARY
Borosilicate glass is widely used in optical communications, optoelectronics as 
well as biomedical technologies and microelectromechanical systems (MEMS).
However, it is very difficult to machine this material by conventional machining 
techniques because of its inherent brittleness. Laser micromachining is an alternative 
approach for machining of glass. Further, UV transparent materials, such as quartz, and 
sapphire are materials of importance in optical and optoelectronics because of their 
outstanding properties, such as transparency in a wide wavelength range and strong 
damage resistance for laser irradiation. However, laser micromachining of these 
dielectrics is restricted due to their high transparency. Laser induced backside wet etching
(LIBWE) is a novel one step technique for machining transparent materials, such as 
quartz, fused silica, and sapphire. Excimer lasers possess short pulse lengths, high 
average as well as peak powers. This lends excimer laser as an appropriate tool for 
micromachining applications. In this investigation, micromachining of borosilicate glass 
and quartz is conducted using a short pulse (FWHM = 25 ns) KrF Excimer Laser (248 
nm wavelength) that generates laser energy in the range of 100-600 mJ. The machined 
surfaces were examined using conventional optical and laser interference microscopes. 
The impact of changing major operating parameters, such as pulse fluence and different 
media on the resulting micromachining geometries is studied. Simple as well as complex 
geometries, such as microfluidic channels, inductors, part geometries used in medical 
applications, and RF circuits were machined.
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1CHAPTER 1
INTRODUCTION
1.1 Excimer Lasers
Excimer lasers are gas lasers that emit pulses of light with duration of 10 ns to 
several 10 ns in the ultraviolet spectral range. They are the most powerful lasers in the 
UV range. They posses the ultraviolet wavelength with shorter pulse duration to ensure 
high fluence and high pulse energies which allow the radiation to be absorbed by the 
material surfaces. There is a growing demand from industry for microprocessing of 
materials particularly for the applications in the field of microsystems technology. It is 
necessary to produce structures with dimensions down to the micrometer scale especially 
in materials that could not be processed or processed well by conventional technologies. 
Excimer laser is a common popular tool for micromachining of various geometries for all 
types of materials, including ceramics, polymers, and metals. The shorter wavelength 
permits fine imaging of excimer lasers. Hence, excimer laser ablation allows fine 
2resolution and high machining quality that makes the technique of choice for many 
applications. 
1.2. Applications to Borosilicate glass
Borosilicate glass is made from silica and boric oxide. This glass is highly 
resistant to chemical corrosion and temperature changes (thermal shock) and is 
particularly suitable for laboratory ware (test tubes, etc.). Borosilicate glasses, because of 
their optical transparency, electrical insulation, and thermal stability find wide variety of 
applications in the microelectronic industries. Microdevices composed of glass are in 
great demand in many fields including optical communication and opto-electronics, 
biomedical technology, microelectormechanical system (MEMS) industry, environmental 
technology, photovoltaic, wafer substrates, measurement and sensor technologies.  
Microchannels fabricated on glass have a growing importance in miniaturization of 
microfluidic devices for chemical and biological analysis systems (Yaker et al., 2003). 
Also, glass is an excellent material for laser ablation of single and arrayed 
microstructures which are in great demand in fabricating a variety of microdevices for 
photonics and communications industries. It is an extremely brittle material and difficult 
to process by conventional machining process. It is amorphous and has no crystal 
structure. Therefore, slip or  plastic deformation cannot take place. As a result of strong 
bonding between atoms, glass exhibits very high compressive strength and a theoretical 
tensile strength of about 107  kN/m2.  The presence of impurities or imperfections in glass
induce stress concentrations to localize and exceed the bond strength between the atoms 
and eventually the glass will crack.
31.3. Excimer laser Micromachining
Srinivasan and Mayne-Branton (1982) first demonstrated excimer laser ablation 
technique in the early 1980’s. They named this process, “ablative photo-decomposition” 
(APD), a key part of LASIK (Laser in situ Keratomileusis) and PRK (Photorefractive 
Keratectomy), both of which permanently re-shape the cornea using an ultraviolet 
excimer laser. The hallmark of this heatless, pulsed laser etching of tissue resulted in the 
absence of thermal damage, which meant that living tissue can heal with virtually no 
scarring. Until 1981, lasers used in eye surgery created regions of damage, resulting in 
the formation of scar tissue that had therapeutic value.
Considerable efforts have been made towards an understanding of the basic 
physical and chemical processes involved in laser ablation. Numerous models have been 
proposed to explain the observed etching behavior of various materials.
Ihlemann (1992), based on a comparative study of different wavelengths, pulse 
durations, and surface qualities concluded that different ablation mechanisms are 
involved. They are based on the volume absorption, bond breaking, and material 
expansion. Experimental work by Garrison and Srinivasan (1984) showed that 
photochemistry played a less important role for wavelengths higher than 193 nm and that 
main ablation mechanism seems to be thermal in nature with photochemical bond 
breaking.
An important requirement in micromachining of semiconductor materials is 
production of high quality surfaces. In the case of laser ablation, the surface of the 
ablated material is usually surrounded by redeposition of molten material or debris that 
has to be subsequently removed by other methods. One of the methods would be to 
4remove it during the laser ablation process itself. This can be accomplished by either 
machining underwater, methanol, or by applying a layer of wax.
1.4. Overview
This study concentrates on micromachining of borosilicate glass and quartz using 
a short pulse (FWHM = 25 ns) (KrF 248 nm wavelength) laser that generates laser energy 
in the range of 100-550 mJ. Simple microstructures as well as complex geometries, such 
micro fluidic channels, inductors, medical part geometry, and RF circuits were machined 
successfully. The changes in morphology and debris formation during ablation are 
studied. The possibility of removing this debris is also explored and demonstrated.  The 
impact of changing the major operating parameters, such as pulse fluence and different 
media on the resulting microstructural shapes is also studied.
In Chapter 2, a brief history of lasers, types of lasers, and basic principles of lasers 
are presented. This in followed by Chapter 3, a discussion of the laser-material 
interactions, and various mechanisms involved in laser ablation. Typical ablation curve is 
discussed and results regarding various factors affecting the laser ablation are presented.
In Chapter 4, earlier experimental studies, results and analyses reported in the 
literature are presented. Literature on micromachining of various materials, such as glass, 
silicon, quartz, and fused silica as well as laser induced backside wet etching (LIBWE) 
are reviewed and discussed. The effect of various operating parameters, including 
wavelength, pulse duration, and repetition rate on laser micromachining are reviewed. 
Work reported in the literature addressing these issues is presented.  Chapter 5 presents 
the problem statement. Chapters 6 and 7, deal with experimental setup and sample 
preparation.  Chapter 8 and Chapter 9 cover micromachining of borosilicate glass and 
5quartz along with the results and discussion. Finally Conclusions and Future Work are 
covered in Chapter 10.
6CHAPTER 2
BRIEF OVERVIEW OF LASERS
2.1 Lasers
LASER is an acronym for Light Amplification by Stimulated Emission of 
Radiation. It is essentially a coherent, convergent, and monochromatic beam of 
electromagnetic radiation with wavelength ranging from UV to infrared. There are 
different types of lasers, but they share a crucial element, namely, material capable of 
amplifying radiation. The physical principle responsible for amplification is known as 
stimulated emission. Einstein conceived the idea that if an electron were in an excited 
state when a photon previously emitted and having the proper energy collided the 
electron would drop to a lower energy state and emit another photon of the same energy 
that would move in the same direction, resulting in two identical photons traveling in the 
same direction and same phase. Albert Einstein first proposed this phenomenon in a 1916 
paper proving Plank's law of radiation. 
7Schawlow and Townes (1958) invented MASER (Microwave Amplification by 
Stimulated Emission of Radiation) in 1954, using ammonia gas and microwave radiation. 
Maser was invented before laser. In 1958, Schawlow and Townes theorized a visible 
laser, an invention that would use infrared and/or visible spectrum light. Javan. et.al
(1960) invented the first gas laser using helium and neon in 1960. This is used in such 
applications as reading bar codes, surveying equipment, etc. 
The major features of He-Ne laser are the following
1. It was the first laser to emit a continuous beam.
2. The lasing action can be initiated by an electric discharge rather than intense 
discharge of photons from a flash lamp in the case of other lasers.
2.2 Basic Principles of Lasers
To explain how a laser light is generated, we need first to investigate the energy 
transition phenomena in atoms or molecules. These phenomena include: spontaneous 
emission, stimulated emission/absorption and nonradiative decay. According to quantum 
mechanics, the electrons of atoms can take different energy states, say E1, E2, E3, etc., 
where E1 < E2 < E3 <.... The lower energy level is more stable than higher energy levels. 
So, electrons at high energy levels tend to decay to low energy levels. The energy 
difference between two levels can be given out as electromagnetic radiation. This process 
is called spontaneous radiation. The energy difference between two levels is given by: 
                                                    E2 - E1 = h  0                                                                                        (2.1)
where E2 is the upper energy level, E1 is the lower energy level, h is the Plank’s constant,
 and 
 0 is frequency of the radiated EM wave. 
8The energy difference between two levels can decay in forms other than 
radioactive decay or, spontaneous radiation, which is called nonradiative decay. The 
energy difference can change into kinetic energy or internal energy through collisions 
with surrounding atoms, molecules, or walls. 
When external EM waves of frequency 0 are incident on the material whose atoms 
initially are at energy level E2 and  0 is very near to the transition frequency between E2
and E1, there is a finite probability that the incident waves will force the atoms to undergo 
transition from E2     E1. Each such transition gives rise to an EM wave (a photon), 
while the incident wave (incident photon) still exists. Thus, we have two photons. The 
above transition process is caused by external excitation, hence is called the stimulated 
radiation. In spontaneous emission, the radiation is in all directions and in random 
phases. In stimulated radiation, the emitted waves of any atoms are in the same direction 
and in the same phase with the incident wave. 
If the atom is initially at level E1, and this is at the ground level, the atom will 
remain in this level unless excited. When an EM wave of frequency 
 0 is incident on the 
material, there is a finite probability that the atom will absorb the incident energy and 
jump to energy level E2. This process is called stimulated absorption. 
Normally the number of atoms at lower energy levels is larger than those at higher 
levels. Stimulated radiation/absorption, spontaneous emission and nonradiative decay 
take place at the same time. Even if we ignore the decay factors, stimulated absorption 
still dominates over stimulated radiation, the incident EM wave cannot be amplified in 
this case. Amplification of incident wave is possible only when the number of upper level 
atoms is greater than that of lower level atoms. This case is called population inversion. 
9To get more atoms in to the upper level than in to the lower level, we have to raise the 
atoms from the lower level to the upper level. This process is called pumping.
2.3. Types of Lasers:
The three major types of lasers are classified by their state of the lasing media, 
namely, gas, liquid, and solid.  All of them can be operated either as a continuous wave 
or pulsed mode.
2.3.1 Gas lasers
Gas lasers are lasers with a gaseous lasing medium. This can  be  subdivided into 
three categories, based on the compilation of the gas:  neutral atom, ion, or molecular.  
Both neutral atom and ion lasers are important in many applications but not for laser 
machining.  Molecular gas lasers, such as CO2 laser on the other hand are one of the most 
widely used lasers for machining applications.  Figure 2.1 shows an example of a gas 
laser showing the lasing medium layout.
Fig. 2.1 Gas Laser Layout 
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In a molecular gas laser, the molecules in the lasing medium are excited and the 
vibrational mode of the molecules change, thus producing photons.  The lasing medium 
of a CO2 laser is actually made up of a number of different gases, such as nitrogen, 
helium, and carbon dioxide.  While the lasing medium does require some energy input to 
become excited, most of the excitation of the CO2 actually comes from the collisions of 
the molecules, as opposed to the actual input.  As for their energy outputs, CO2 lasers 
have a theoretical maximum energy output of 15 mW at 10% energy efficiency, all 
depending on the type of gas flow used in the lasing medium (sealed discharge, axial, 
traverse, or cross flow).  Considering power output, traverse flow lasers are by far the 
best; all lasers but for the inefficient sealed discharge, have reasonable uses in industry.
The other type of gas laser used for laser machining is the excimer laser.  The 
name Excimer is a contraction of “Excited dimer”, a description of diatomic molecule in 
which the component atoms are bound in the excited state but not in the ground state. The 
excimer lasing medium is usually made of a compound of noble gases and halogens.  
Excimer lasers are excited by passing a short, intense electrical pulse through a mixture 
of rare gas and halogen. The mixture contains 90% of buffer rare gas (helium or neon) 
and small percentage of rare gas (argon, krypton, or xenon). The halogen atoms come 
from the halogen molecules, such as F2, Cl2. 
Electrons in the discharge transfer energy to the laser gas, breaking up halogen 
molecules and causing formation of electronically excited molecules such as xenon 
fluoride. The reactions are complex and depend on the type of the gases used. The 
molecules remain excited for about 10 ns, then drop to the ground state and dissociate. 
The energies involved are large, and the output is at ultraviolet wavelengths.
11
Excimer lasers produce high-powered, pulsed beams, with average power over 
100 W and average pulse repetition rate of 1000 pulses per second.  These lasers are 
commonly used to machine solid polymer workpieces, micromachine ceramics and 
semiconductors, along with many other various uses.  The material removal process of an 
excimer laser is different from that of the other commonly used lasers.  Instead of 
removing material through melting and or vaporization, an excimer laser removes 
material through ablation, breaking down the chemical bonds of the target material until 
it dissociates into its chemical components.  The main difference between an excimer 
laser and other lasers is that excimers do not focus a beam at a particular point and 
traverse the material; instead, they produce a large area beam which is masked to achieve 
the desired beam size.
2.3.2 Liquid lasers
Liquid lasers typically use large organic dye molecules as the lasing media.  
These lasers are designed so that the frequency at which they emit a beam can be varied, 
and are considered tunable.  These lasers are typically not used for laser machining 
applications.
2.3.3 Solid state lasers
Solid state lasers use ions suspended in a crystalline matrix to produce laser light.  
The ions, or “dopants,” provide the electrons for excitation, while the crystalline matrix 
propagates the energy between ions.  The major type of solid laser used in laser 
machining is the Nd: YAG laser, which stands for a neodinium-yttirium-aluminum-
12
garnet laser.  The YAG crystal has relatively high thermal conductivity. Therefore, high 
continuous operating power outputs of a few hundred watts are available, and when 
pulsed, up to 1 kW is possible.  In machining applications, Nd: YAG lasers are typically 
used for cutting and hole drilling operations. Fig. 2.2 shows the solid state laser layout. 
The ends of the lasing rod are polished flat and parallel, then coated with reflecting 
material. Light form external source flash lamp enters the laser rod and excites the light 
emitting atoms. The beam is propagated by reflection of photons generated by stimulated 
emission traveling normal to the mirrors.
Fig. 2.2 Solid state laser layout 
2.4. Laser Classifications
Lasers are classified into four broad types depending on the potential for causing 
biological damage. 
Class I: These lasers cannot emit laser radiation at known hazard levels
Class I. a: This is a special designation that applies only to lasers that are "not intended 
for viewing," such as a supermarket laser scanner. The upper power limit of Class I. a. is 
4.0 mW.
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Class II: These are low-power visible lasers that emit above Class I levels but at a radiant 
power not above 1 mW. The concept is that the human aversion reaction to bright light 
will protect a person
Class III.a: These are intermediate-power lasers (cw: 1-5 mW), which are hazardous 
only for intrabeam viewing. Most pen-like pointing lasers are in this class.
Class III.b: These are moderate-power lasers
Class IV: These are high-power lasers (cw: 500 mW, pulsed: 10 J/cm2 or the diffuse 
reflection limit), which are hazardous to view under any condition (directly or diffusely 
scattered), and are a potential fire hazard and a skin hazard. Significant controls are 
required of Class IV laser facilities.
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CHAPTER 3
LASER MATERIAL INTERACTIONS
3.1 Material Removal Phenomenon 
The phenomenon of the material removal process for excimer lasers is different 
from that for CO2 or ND: YAG lasers. Excimer lasers remove material from the substrate 
by either photothermal (vaporization) or photochemical or by a combination of both of 
these phenomena. The excimer laser removes material through ablation, by breaking the 
chemical bonds of the material until it dissociates into its chemical components instead of 
removing material through melting, and or vaporization, where the material is heated 
from solid to liquid and/or gaseous states as in CO2 or ND: YAG lasers. In ablation, no 
liquid or gaseous phases of the material are present. Shorter wavelengths in the UV range 
have higher photon energy leading to photochemical reactions. Longer wavelengths in 
the infrared range have lower photon energy leading to thermal reactions.
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3.1.1 Laser Ablation Mechanisms:
Most of the material removal is by ablation where the absorbed UV photons 
directly break the chemical bonds. Hence, if sufficient photons are incident on a thin 
layer of material in a short time interval, a pressure increase is generated due to rapid 
formation of lower molecular weight components. The process is essentially 
photochemical in nature leading to little or no thermal heating.
When a laser pulse from an excimer laser impinges on a surface as shown in
 Fig 3.1, the penetration of the radiation through the solid follows a simple relation, 
which is known as the Beer's law. Where I0 and It are the intensities of the beam before 
and after transmission through a slice of material of thickness l, and a, 
Fig. 3.1 Schematic representation of impact of laser pulse on  a 
polymer surface before and after ablation
(3.1)
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the absorption coefficient is a characteristic property of the material. If the fluence F of 
the laser beam at the workpiece exceeds a certain threshold value, F0, then a depth, lf of 
the material is ablated by the pulse. The next pulse will go through the virgin material 
underlying it till the depth of the hole is reached. Above the ablation threshold, the etch 
depth per pulse or so-called etch rate, lf, can be approximated by                                     
Etch rate increases with increasing fluence. The etch rate is calculated by taking 
the average of a few hundred pulses at the given energy fluence. Individual pulses may 
cause slightly different amounts of material removal due to energy fluctuations. The 
effect of these fluctuations is insignificant for the multi-pulse drilling process. It has been 
observed that clean and smooth edges are obtained with energy densities below 2.7 J/cm2
while higher energies lead to the formation of some structures or debris at the top 
surfaces of the edges. One possible reason is, at high fluence, the process no longer 
remains purely photochemical in nature and significant thermal degradation can occur.
3.1.2 Typical Ablation Curve:
From  Fig 3.2, it may be noted  that at low target density (fluence) there is no 
material removal. But as the fluence is increased a point will be reached known as 
ablation threshold where the material removal begins. As the fluence is increased there is 
more amount of material removed per volume of the photons till a point where the curve 
plateaus. Once the curve reaches this plateau there is no more material removal with 
increasing fluence. Hence it is not beneficial to run lasers beyond this point, which may 
(3.2)
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only result in thermal damage. The energy of additional photons (as this energy is not 
used to eject material) transforms to heat and causes secondary thermal effects which 
may not be beneficial. Factors affecting ablation mechanisms include laser wavelength, 
energy on the target, pulse length, repetition rate, and most important the nature of the 
target material.
Fig.3.2 Variation of the Etch rate Versus the  Fluence 
.
3.1.3. Laser Hole Ablation:
When drilling holes with a laser, it is always necessary to take into account the 
inherent taper of the laser process, which limits the thickness of material that can be 
processed with respect to the diameter of the holes being drilled. For glasses, this process 
has even more limitations as deeper the hole drilled, the less likely the heat generated can 
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escape, thereby causing problems such as glazing and microcracking. In addition, the exit 
usually is a problem as the glass shows breakdown induced from the thermal stresses and 
the acoustic shock of the material being ejected through the entrance side as it is drilled.
3.1.4 Various Factors affecting drilling: 
The exit and entrance hole sizes, hole taper, recast and heat affected zone (HAZ) are 
important output parameters. The input parameters have to be so chosen that to obtain 
desired output parameters.
The depth of focus affects the depth of penetration and the shape of the cavity 
ablated. The depth of focus for a diffraction limited beam is given by the equation
                                    df = 2.56 F2/
where ‘F’ is the ratio of focal length to the beam diameter and   is the wavelength.
Holes deeper than the depth of focus can be drilled but requires sufficient fluence, but 
will result in significant taper.
                             Fig. 3.3 Schematic showing drilling of laser hole
(3.3)
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There are several ways to minimize the thermal effects. By reducing the energy and/or 
the repetition rate when nearing the end point so that the minimum fluence is used for 
final material removal. The second method is to use a sacrificial layer on the bottom to 
induce artificial mechanical rigidity into the part. Because of the hole taper, the exit 
before lapping must be slightly smaller than the desired exit after lapping as the hole 
diameter gets somewhat bigger as material is removed from the bottom up. The repetition 
rate has a minor influence on the quality of the holes at the rear side of the wafer, 
whereas increasing laser fluence leads to an increasing crack formation and break-off of 
material but also a decreasing hole diameter at the rear side of the wafer. This behavior is 
due to high pressure of the expanding laser plasma. The ablation depth per laser pulse 
depends both on the number pulses as well as the fluence. 
Fig 3.4 Ablation depth per pulse on number laser pulses for different laser 
            fluences at 50 Hz and 100 µm (Keiper et al., 1999).
It can be seen from Fig 3.4 that for the first laser pulse no ablation depth could be 
measured, since it led only to a laser induced change of the sample surface, like the 
ablation of impurities or water as well as increasing roughness and absorption. After ten
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laser pulses relatively high ablation depths between 100 and 160 nm per pulse were 
observed. The following ten laser pulses show only half the ablation depth per pulse.
Fig. 3.5 Ablation depth per laser pulse on the number of laser pulses for different 
laser at   500 Hz repetition rate and 100 µm (Keiper et al., 1999).
 From Figs 3.4 and 3.5 it may be noted  that the repetition rate has only a  minor influence 
on the quality of the holes at the rear side of the wafer. But increasing the laser fluence 
leads to an increasing crack formation and break-off of the material at the bottom of the 
wafer. Lower laser fluences have lead to crack-free holes and little break-off material, but 
results in holes of smaller diameter.  As the number of pulses increase with increase in 
fluence, the ablation depth is found to decrease. Hence, the number of pulses and the 
change in fluence have considerable influence on the ablation rate. Consequently, an 
optimum fluence should be determined (Keiper et al., 1999).
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Fig. 3.6 SEM micrographs of 50 µm thick Pyrex glass drilled at different laser 
             fluences  and repetition rates (Keiper et al., 1999).
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CHAPTER 4
LITERATURE REVIEW
Borosilicate glasses because of their enormous potential have widespread 
applications in micromachining and microtechnologies, such as microoptics and 
biomedical devices. Apart from their outstanding chemical, optical, and mechanical 
properties, borosilicate glasses also have good thermo-mechanical stability. But due to 
their brittle nature, they are very difficult to machine by most conventional machining 
techniques. Laser micromachining is an attractive alternate approach for the machining of 
glass. The linear absorption for glasses, however, is very low in the visible range. As a 
result, high power UV and CO2 lasers have to be used for processing glass that are 
thermally sensitive, because of high photon energy per pulse. Short-wavelength excimer 
laser radiation is used for the ablation of materials. Hence, in almost all cases it is 
desirable that the ablated surfaces have minimal damage. In the case of laser ablation, the 
surface of the ablated material is usually surrounded by redeposition of molten material 
or debris that has to be removed subsequently by other methods. An alternative would be 
to remove it during the laser ablation process itself. This can be accomplished by laser 
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machining under water. Laser etching in water is similar to the laser shock processing 
with regard to laser pulse parameters, with the exception that shock is not desired, while 
ablation is desired. This is achieved by lowering the fluence and increasing the pulse 
number. The fluence is taken at the level where the material at least melts, but usually 
vaporizes and ionizes (plasma forms). Fig. 4.1 shows various schemes of laser etching in 
water. In other neutral liquids, backside laser etching of transparent materials is also used. 
Fig. 4.1. Representation of various schemes of laser etching in water (Kruusing   
               2004 a, b).
The main reason for water-assisted laser etching is the elimination of debris 
redeposition in the machined area. This results in cleaner and more precise surface 
profiles and avoids any need for after-cleaning of the work-piece, which is usually done 
in an ultrasonic bath. The effect of liquid on laser etching depends on the material and 
processing parameters. When laser etching is done in liquid, the debris is carried away 
due to the thermal convection of liquid or by bubble-induced liquid motion,
Fig.4.2. Comparison of the hole profiles of silicon laser-etched in air (a) and 
             (b) in water ( Kruusing 2004 a, b).
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2.1 Reasons for laser machining under water (film) are the following: 
• To cool heat-sensitive materials.
• To avoid cracks in the machining of ceramics.
•  To avoid a graphitized layer on diamond; this layer is electrically conducting and 
decreases the catalytic activity of diamond for metal deposition
• To avoid silicon layer formation on a SiC surface, leading to catalytic activity of 
metal deposition
• It is easier to capture and fix micro-particles by laser tweezers in liquid than in 
gas (Kruusing 2004 a, b).
The decrease in the etching rate in water at a high number of pulses (low scanning 
speed) in liquids is probably due to an accumulation of debris suspension, reduction in 
the transparency of the liquid, and an increase in the etching rate at a low pulse number. 
Kruusing (2004) reported a similar difference between etching in gases (air, argon) and 
etching in water. In water, the etching rate for the initial laser pulse was considerably 
larger than the subsequent pulses later. Dupont et. al (1995) offered a possible 
explanation for this phenomenon in the case of  304 AISI  stainless steel material is 
hardening due to laser shocks. Laser etching of diamond involves no qualitative 
differences between the results obtained in air and in liquid.
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 Fig. 4.3. Comparison of the dependencies of the ablation rate on the laser fluence 
                           of laser etching of Si in water and in air (Kruusing 2004 a, b).
There are materials (or experimental conditions) where the laser ablation rate in water is 
lower than in air and others where the opposite is true.  The etch grooves were deeper in 
water than in air for polyimide, the etching rate was nearly the same in air and in water, 
when the laser fluence is below 20 J/cm2. The etching rate of Si was 2-fold in water 
compared to air at a fluence of 0–5 J/cm2. The etching rate of the materials (steel, A12O3, 
SiO2) investigated was many times greater in water than in air at 0.1–30 J/cm2 and 
vertically flowing water. The etching rate in water was about half that in air; pulse length 
140 s, 106-1010 W/cm2 power; for A12O3 and porous MgO the etching rate was greater 
in water, for ZrO2, SiC, Si3N4, glass, stainless steel, and polyamide the etching rate was 
lower in water for a fluence in the range of 0–35 J/cm2 . The surface of A12O3 remained 
rough and porous. For laser ablation in liquid, mechanical processes play a considerably 
greater role than ablation in gas (Kruusing 2004 a, b). 
Dupont et al. (1995) assumed the ablation rate to be higher in water due to higher 
pressure of the confined plasma and shock waves. They observed an increase in the 
surface hardness of AISI 304  stainless steel  after every irradiation pulse.
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Geiger et al. (1998) reported that both brightness of the plasma and the emitted 
sound were significantly lower at laser ablation under water than in air at a laser fluence 
up to 30 J/cm2. Water was sprayed on the workpiece surface.
Laser induced breaking of a single-crystal silicon wafers, with the backside in 
contact with water is shown in Fig. 4.4. An Nd: YAG laser was used at powers up to 80 
W and feed rates of 0.4–20 mm/s. The use of water was reported to result in nearly two 
times  lower crack deviation, damage depth, and branching crack length. The authors 
explain this by the cooling effect, but the chemical phenomena at crack promotion, such 
as in the case of glass cutting under water (formation of Si–OH and Si–O- at crack edges) 
may also play a role, because water absorbs dissociatively on silicon surface. 
Fig.4.4. Schematic representation of laser breaking of silicon wafers
(Kruusing 2004 a, b)
Geiger et al. (1998) devised a method of avoiding the redeposition of ablated 
material by applying thin liquid (water) film to substrate surface, which resulted in better 
quality of machining. In this type of machining, water film is continuously sprayed onto 
the vertical workpiece. Their experiments showed that redeposition of ablated workpiece 
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particles were avoided completely and that there were neither melt particles nor warps 
surrounding the structure. The ablation rate plays a very important role in excimer laser 
micromachining. As the energy density increases, the ablation rate also increases but 
once the saturation point is reached, the ablation rate increases negligibly.  Results of 
these experiments showed that the ablation rate of the ceramic materials was greatly 
reduced. 
Kawaguchi et al. (2002) investigated the onset of surface optical breakdown on 
silica glass using KrF Excimer laser. They observed a transient localized luminescence as 
the laser fluence increases. Also, as the fluence was further increased, the luminescence 
reappeared and grew more intensely with continued exposure. Surface optical breakdown 
is accompanied by localized luminescence due to excited neutral Si atoms region. The 
craters reflect localized heating and vaporization that give rise to Si luminescence. The 
morphology of the surfaces damaged by cumulative exposure at fluences below the 
damage threshold and by single pulses at fluences above the threshold is similar, 
suggesting that damage under cumulative exposure involves the damage centers 
responsible for single pulse damage. 
Ihlemann (1992) investigated ablation of fused silica using nanosecond excimer 
laser at 193, 248 and 308 nm wavelengths and 500 fs pulses at 248 nm wavelength. He 
observed rear side ablation of fused silica with an ablation rate of 0.4 µm/pulse at a 
fluence of 3 J/cm2 . But at high fluence front side ablation reached only 0.3 µm/pulse. 
Thus, based on a comparative study, he concluded that different ablation mechanisms are 
involved. The first is based on volume absorption, bond breaking, and material 
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expansion, and the second appears to be controlled mainly by damage in relation to the 
singularity conditions at the surface. 
Allcock et al. (1995) investigated microcracking of soda-lime and borosilicate 
glass by laser irradiation using a transversely excited atmospheric pressure (TEA) CO
2 
. 
They concluded that residual stresses caused by thermal cycling of glass resulted in 
microcracking. They observed relatively large fragments in glass with a characteristic 
thickness that is dependent on the laser pulse duration. They found that marks are formed 
by combination of surface crazing and material removal. They also evaluated the gas 
phase products evolved during the interaction using spectroscopy and high-speed 
photographic techniques.
Omori and Inoue (1992) conducted excimer laser ablation of inorganic materials 
to study thermal effects associated with ablation. They observed two different absorption 
mechanisms. The first occurs during the initial laser pulses with fluences above the 
ablation threshold and this determines the incubation range. There, multi-photon 
absorption results in moderate energy volume densities. The second mechanism is 
determined by a much higher absorption at defects created irreversibly during each 
additional pulse. They concluded that there are additional thermal effects, such as 
melting- coagulation, preferential vaporization of the high vapor pressure element and 
changes in the stiochiometry due to the ablation process in spite of shorter pulse duration.
Dyer et al. (1996) found the ablation threshold fluence for soda lime glass to be 
1.0 J/cm
2 
for 248 nm. Fluence above this value produced microcracking on the surface. 
Also, the fracture extended well beyond the margin of the irradiated zone. No significant 
incubation effect was observed below the ablation threshold even after 103 pulses.
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Buerhop et al. (1990) investigated laser ablation and surface modification of 
glasses using a CO2 laser and a XeCl excimer laser (308 nm). They reported that float 
glass fractures when irradiated for 40 s at 60 W/cm2 with a CO2 laser and, vitreous silica 
withstands higher intensities and material removal occurs by evaporation. For XeCl laser, 
tests were conducted between 9 and 20 J/cm2. They observed that glasses with higher 
absorption coefficient have lower ablation rates. When the threshold fluence was 
exceeded, noise emission, plasma generation and ablation of front surface were observed. 
They reported that glass with 8% iron gave a constant ablation rate (0.7 µm/pulse) 
regardless of the energy density. Float glass gave an ablation rate of 2 µm/pulse with a 
slight increase in ablation rate with increasing fluence. However, in contrast to this, they 
found that borosilicate and vitreous glass showed a decrease in ablation rate with increase 
in fluence. 
Jackson et al. (1995) performed excimer laser ablation of neodium (Nd) doped 
glass and Nd doped yttrium aluminum garnet (YAG) using ArF (193 nm) and KrF (248 
nm). They found the threshold fluence to be in the range of 0.5-1.6 J/cm
2
. 
Konovalov et al. (2000) reported that 157 nm laser ablation of fused silica 
generated localized tensile stresses in a thin surface layer (~275 nm) that is independent 
of fluence (1.9-4.7 J/cm2) and ablation depth (150-1000 nm). 
Buerhop et al. (1992) used a 1.5 kW CO2 laser (10.6 µm), pulsed Nd: YAG laser 
(1064 nm) and 2 J/ 20 Hz pulsed XeCl excimer laser (308 nm) to investigate melting, 
softening and ablation effects of fused silica and soda-lime silicate glass using power 
densities of 106 W/cm2. They observed that fused silica reacted differently because of its 
optical properties when irradiated at various wavelengths. At 10.6 µm, the glass heats up 
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due to its strong absorption. Holes of 0.3 mm diameter were drilled in fused silica due to 
evaporation of material.  At 10.6 µm wavelength, fused silica transmits most of the 
energy. Hence no obvious surface reaction takes place; XeCl gave high ablation rate of 
10 µm/pulse but rough surface finish. They reported tangential cracks around the hole 
during the cooling process for CO2 and Nd: YAG laser heat treatment of soda-lime-glass. 
For XeCl excimer laser, cracks were observed only in the solidified thin molten layer 
with a threshold fluence of 3 J/cm2. 
Keiper et al. (1999) investigated drilling on borosilicate glass (Pyrex®) with 248 
nm and 193 nm excimer laser. Wall angle of 3.5° and 1.6° were reported with respect to 
100 and 30 µm beam diameter. Break-off of material were reduced by applying a thin 
layer of alcohol between a second wafer underneath the drilling wafer. They reported 
formation of cracks and a break-off of material at the rear side of the wafer depends upon 
the processing parameters. They observed the ablation depth to be nearly independent of 
the repetition rate and only decreases at 500 Hz.  Drilling from both sides of the wafer 
can make holes with the best quality. This method allowed producing holes without 
break-off of material on the rear side.
According to Zhang et al. (2002), when a workpiece is irradiated by an intense 
(>1 GW/cm2) laser pulse, the surface layer instantaneously vaporizes at a high 
temperature and pressures (1~10 GPa) by plasma. This plasma induces shock waves 
during expansion from the irradiated surface, and mechanical impulses are transferred to 
the target. If the plasma is not confined (in open air), the pressure can only reach several 
tenth of a GPa. If the plasma is confined by water or other media, the shock pressure can 
be magnified by a factor of 5 or more compared to the open air condition (Fox, 1974). 
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The shock pressure lasts 2 to 3 times longer than the laser pulse duration. When a shock 
wave is acting on the substrate, material beneath the shock undergoes both plastic and 
elastic deformations. Shock pressure is attenuated as it propagates downwards and 
outwards. When the shock wave reaches the bottom, it is bounced back. 
Jackson et al. (1994) investigated laser ablation of neodymium (Nd) doped glass 
and Nd doped yttrium aluminium garnet (YAG) crystals using 193 nm and 248 nm 
excimer lasers. They have reported that the ablation of Nd: YAG and Nd: glass at 193 nm 
produced etch pits of superior quality to those pits produced using 248 nm laser.
Chen et al. (2004) studied ablation of single and arrayed microstructures using an 
excimer laser. The single feature microstructure was fabricated for evaluating ablation 
mechanism, threshold fluence and material removal rate. They also investigated changes 
in the morphologys during ablation with focus on the formation of ablation defects, 
debris, and recast.
   (a)                                                (b)    (c)
Fig.4.5 Effects of repetition rate on surface morphology of glass holes ablated at   
                      2.4 J/cm2 with 2000 shots (a) 2Hz, (b) 5Hz, (c) 10Hz  (Chen et al.,2004)
Fig. 4.5 shows the SEM micrographs of the ablated holes at three different pulse 
repetition rates while the fluence and pulse number are kept constant at 2.4 J/cm2 and 
2000 shots respectively. Chen et al. (2004)  observed that at lower pulse repetition rates 
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the machined surface is rough, while the higher repetition rates results in more compact 
material residues and smoother surface. At low repetition rates the debris or recast from 
laser ablation have sufficient time to cool down to accumulate into larger debris resulting 
in rougher surface. At high repetition rates, the debris is bombarded by subsequent laser 
pulses and is ionized into much finer sizes resulting in smoother surface.
(a) (b)
   Fig. 4.6 SEM images of surface morphology of ablated glass holes after 10% HF   
                 etching ablating at 5 Hz, (b) ablating at 10 Hz (Chen et al., 2004)
Chen et al. (2004) reported that debris is mainly an oxide layer accumulated on 
the ablated surface. Fig.4.6 shows SEM micrographs after 10% HF etching. They show 
that debris is removed almost 90% for 5 Hz, while the debris for 10 Hz is discharged near 
10%. This indicates that the debris produced at higher repetition rates are denser and 
more cohesive and cannot be easily eliminated even by HF etching.
Li et al. (2002) have reported that laser produced metal plasma etching of glass in 
the atmosphere provides high quality machining. They attribute the mechanism
responsible for this high quality machining to the bombardment of high speed, high 
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temperature electrons and low energy ions from the corona region of the plasma.  A solid 
state, grazing-incidence, diode pump Nd: YVO4 with 532 nm wavelength was used in 
this investigation. Corning microslide 2947 with 1mm thickness was used as glass 
substrate and carbon steel was used as plasma source metal target.
Fig.4.7. Direct ablation on the rear surface of Corning microslide 2947 by 532 nm 
             and 3-  ns laser pulses at a threshold fluence of 22.6 J/cm2 and 200 laser  
             shots. (Li  et al.,  2002)
The surface morphology in Fig. 4.7 presents typical characteristics of an 
undefined pattern with significant cracks formed during direct laser ablation process 
because of the optical breakdown mechanism. Plasma etching of the same microslide 
etched by use of carbon steel plasma at fluence of 3.8 J/cm2 and 4000 shots glass 
substrate resulted in a highly defined, clean, mirror-like smooth pit with a diameter of 15 
µm.  
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Fig.4.8. Pit with a diameter of 15 µm and a central depth of 3.2 µm on a Corning 
                         (Li et al., 2002) 
Yakar et al. (2003) studied the morphology of borosilicate glass surface machined 
by a femtosecond laser. They observed the formation of a thin rim around the ablated 
craters after a single laser pulse. The glass samples were irradiated with 740-800 nm 
femtosecond (100- 200 fs)
Fig.4.9. SEM images of crater rims generated by overlapping laser pulses (a) 2  
                         pulses, (b) 3 pulses of 800 nm and 100 fs. Fluence, F=0.34 J/mm2
                         (Yakar et al., 2003)
 laser pulses from a Ti: sapphire laser. Fig. 4.9 shows that the second rim follows the first 
one on the ablated side of the first crater. The second laser beam diffracts through the 
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edges of a previously formed crater and hence creates a modulated light intensity at the 
bottom of the crater due to interference of diffracted light in the near field. They reported 
that when multiple laser pulses overlap, the crater rim also overlaps and produces rough 
surface. The rim is resolidified splash of a molten layer generated during ablation 
process. They have suggested that a very thin melt zone exists during the ablation process 
and that during the melt lifetime the molten fluid moves from the center of the crater to 
the edge depositing a thin rim around the ablated area.
Argument et al. (1999) conducted ablation rate studies of drilling of glasses using 
a fourth harmonic Nd: YAG laser and the F2 laser. The 266 nm laser resulted in a higher 
ablation rate leading to more efficient drilling. However, the edge quality of the hole was 
not perfect with several microcracks around the perimeter of the hole. In contrast, they 
found that F2 laser provided a greater control over the ablated depths and surface finish 
quality. 
Fig.4.10. Depth of ablation versus number of shots in soda lime plate glass at 
    intensity of  5 J/cm2 with 266 nm (squares) and 157 nm (diamonds)  
    (Argument et al., 1999).
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Fig. 4.10 shows that 266 nm pulse laser drill faster compared to 157 nm pulse laser for 
similar fluence conditions. 157 nm laser offers more precise depth control and smoother 
finish, while 266 nm lasers drive more rapid excisions. Argument et al. (1999) have 
reported high aspect ratios of more than 20:1 can be achieved in drilling 25 to 50 
micrometer diameter holes with depths up to 1mm.
Rudolph et al. (1999) studied the machining precision of 130-fs pulse laser 
ablation ( = 800 nm) of barium aluminium borosilicate glass and compared the results 
with those obtained with results using a 10-ns pulse laser ( =266 nm). Different ablation 
thresholds and heat-affected zones (HAZ) were observed.
Fig.4.11. Comparison of ns and fs laser ablation of barium aluminium borosilicate glass
                in air. (a)  = 266 nm;  = 10 ns; N = 100; F = 2.7 J/cm2 (b)  =  800 nm; 
  = 130 fs; N = 100; F = 3.6 J/cm2 (Rudolph et al.,1999).
Fig. 4.11 (a) shows the  hole wall was covered with a smooth melt layer, which 
occluded the rough bulk morphology. Slightly above the ablation threshold, the outer 
edge exhibited extended splintering and cracking. While it can be seen in Fig. 4.11 (b) 
that the application of 100 laser pulses of 130 fs at 800 nm, resulted in a completely 
different machining quality. Practically no melting has occurred. The lateral precision 
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was much higher than in the nanosecond case. They report that laser ablation with a 
single nanosecond pulse leads to the formation of singular resolidified melt bubbles at the 
center of the illuminated area in the range of 3.4 < F < 5.4 J/cm2. Glass was extruded 
from the bulk volume. The appearance of these melt bubbles can only be rationalized by 
the creation of an expanding vapor phase. At laser fluences above 5.4 J/cm2, bubbles 
disappear and leave behind circular holes of at least 200 nm diameter, depending on the 
applied fluence. In the case of fs-pulse laser ablation, the application of 5 shots at a 
fluence (F = 6.7 J/cm2) slightly above the ablation threshold leads to the formation of a 
very thin melt layer. When the glass material has been modified by repetitive pulse 
illumination, generally called, incubation, ablation takes place. 
Nikumb et al. (2004) used short pulse solid-state lasers with pulse duration in the 
ns to fs range to process different types of glass materials. The effect of the pulse 
duration and other process parameters on the machined features were analyzed to reveal 
the underlying thermal effects and nonlinear processes. Edge quality, circularity, aspect 
ratio, formation of redeposited material, and machining rate were investigated with 
respect to the process variables, such as focusing optics, laser power, wavelength, and 
repetition rate. They also machined complex features on a number of glasses. In order to 
obtain a burr-free machining, a solvent based masking material MAC-STOP 9554 from 
MACERMID in the form of a thin film was applied to the material surface. The film was 
then stripped off manually after the cutting operation. They observed that the maskant 
film reduced the material deposits at the edges significantly and resulted in smooth, clean 
cuts even at sharp turning points and curvatures. They also reported that in comparison to 
nanosecond lasers, the femtosecond laser offers distinct advantages during the processing 
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of glass material, which includes significant reduction in heat dissipation, thermal 
damage, and possible utilization of multiphoton processes for machining transparent 
materials.
Navarrete et al. (2003) reported results of an experimental investigation on the 
induced damage by cumulative pulses generated by an Nd: YAG laser beam focused into
the bulk of the BK7 glass. They reported that optical detonation generates a shock wave 
emission and microcrack formation. The induced photo-acoustic wave emerging from the 
sample was monitored using a piezoelectric sensor. These signals provide a simple,
reliable and highly sensitive indication of the damage, the processes involved, and the 
most appropriate laser parameters for two and three-dimensional engraving.
Yen et al. (2003) developed a direct writing microfabrication system for glass 
machining by photo assisted chemical etching (PACE). They report that this process 
produces smooth and debris-free surface. Very low average power is needed. In this 
method the substrate is in contact with the etchant (pyrene solution in acetone or xylene). 
When the etchant is excited by the laser energy, the substrate surface is smoothly etched 
by the transiently activated etchant. High aspect ratios can be achieved by this method 
and since no photomask is needed for the direct writing process, the substrate size is not 
limited by the mask and that substrates larger than 12 inches can be used.
4.1. Laser induced backside wet etching (LIBWE)
UV transparent materials, such as silica glass, quartz, and sapphire are materials 
of importance in optics and optoelectronics because of their outstanding properties such 
as transparency over wide wavelength range, strong damage resistance for laser 
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irradiation and high thermal and chemical stability. However, micromachining of these 
dielectrics is restricted due to high transparency and great mechanical stability. 
Conventional methods of machining these materials are optical and electron beam 
lithographies, which are complicated processes involving techniques of patterning a 
multilayer mask and transferring the pattern to the substrate surface by reactive ion 
etching. This technique requires high vacuum conditions, an excellent control of the 
exposure dose, the resist characteristics, and the proportional etching process. Wang et al 
(2000) have investigated a one step method of micro-fabricating silica glass using laser-
induced backside wet etching (LIBWE) upon irradiation with a ns-pulsed UV excimer 
laser.
   Fig.4.12. Schematic of the setup used for LIBWE method (Ding et al., 2004)
Fig.4.12 shows that one side of the silica glass plate is in contact with an organic 
solution whereas laser beam is introduced from the opposite end. Wang et al. (2000) have 
reported that LIBWE originates from laser ablation of the solution rather than laser 
ablation of the fused silica. Efficient etching is due to the deposition of laser energy in the 
solution near the rear. The solution absorbs the laser energy and reaches high 
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temperatures by a cyclic multiphotonic absorption mechanism. The superheated liquid 
heats the surface of the silica plate. The vapor with high temperature and pressure attacks 
the softened surface. After the laser pulse, the irradiated area cools immediately.
Fig. 4.13 Plausible mechanism for LIBWE by cyclic multiphotonic absorption 
               (Wang et al., 2000)
This rapid cooling behavior prevents bulk plate from thermally damage. Wang et
al. (2000) reported that LIBWE has several advantages, such as low laser fluence and 
high etch rate, a constant etch rate, sharp edges for micro-pattern, and crack-free and 
debris -free surface.
Bohme et al. (2002) studied the KrF-excimer laser etching at the interface to 
liquids for the fabrication of well defined microstructures in UV transparent materials. 
They found  the etch rates and surface morphologies of the materials depend upon the 
laser parameters, the solution used, and the material itself. The most important effect on 
the etch rate and the etched surface quality is the laser fluence. They reported that 
threshold fluence for fused silica to be at 460 mJ/cm2 which is less than an order of 
magnitude or more than for laser ablation of fused silica in air (>10 J/cm2 ).
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Fig.4.14 Etch rate of fused silica versus laser fluence using a 0.4  
               pyrene/acetone solution (Bohme et al., 2002)
Bohme et al. (2002 reported that in the low fluence range (up to 1.5 J/cm2), the 
etch rate per pulse increases linearly. At high fluences, the etch rate increases to 200 
nm/pulse. They observed soft etch behavior in the low fluence range to be replaced in 
higher fluence range by a more ablation dominated mechanism similar to the ablation at a 
solid gaseous interface.  They also used the LIBWE for the fabrication of microstructures 
such as the one shown in Fig.4.15. The holes with a size of 40 µm x 40 µm and depth of 
25 µm were etched by a mask projection at a laser fluence of 0.6 J/cm2. In all 
experiments, no debris was observed around the etched structures.
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Fig.4.15 Array of micro-sized blind holes etched in fused silica by LIBWE 
               (Bohme et al., 2002)
Kopitkovas et al. (2003) have used LIBWE for the fabrication of complex 
patterns with continuous profiles, Fresnel lenses in quartz. A KrF laser (248 nm, FWHM 
30 ns) was used. A solution of pyrene in acetone with a concentration of 0.4 M/1 was 
used as the etchant. Laser fluence in the range of 0.7 to 1.1 J/cm2 was used with a 
variable number of pulses. They reported that etching of quartz by LIBWE showed a 
behavior similar to the ablation of polymer where a threshold fluence of ablation exists.  
The threshold fluence of 0.3 J/cm2 was observed for 248 nm and 0.5 J/cm2 for 308 nm 
laser irradiation. These threshold values are well below the damage threshold of quartz, 
which ranges from 10 to 20 J/cm2 for 248 nm and 308 nm lasers. From Fig. 4.16, it can 
be seen that at low fluences the etch rate increases slowly with fluence while above these 
values the slopes of the curves are 2.5 times higher.  The efficient etching of quartz is due 
to the deposition of the laser energy in a thin pyrene-acetone layer above the quartz 
surface.  The laser induced temperature of the quartz surface in contact with the liquid is 
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1900 K. This temperature corresponds to the melting point of quartz (1880 K). When the 
laser induced temperature in the pyrene-acetone solution exceeds the critical temperature, 
the solution vaporizes and forms bubbles.
Fig. 4.16 Etch rates versus laser fluence for quartz (Kopitkovas et al., 2003))
The fast expanding or collapsing bubbles create a high pressure, which interacts 
with the surface of the melted quartz and removes the quartz by mechanical forces. They 
suggested that this mechanism explains the experimental etching results in a low fluence 
range, while for high fluence range another mechanism may be dominant.
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CHAPTER 5
PROBLEM STATEMENT
Borosilicate glasses are widely used in micromachining applications, but due to 
their brittle nature, they are very difficult to machine by most conventional machining 
techniques. Laser micromachining is an attractive alternate for the machining of glass 
materials. Excimer lasers possess short pulse lengths, and high average and peak power. 
This makes excimer laser a choice tool for micromachining applications. One of 
important aspect of laser ablation is to have high quality finished surface.
The objectives of this investigation are as follows:
1. Focus this study to conduct experiments on borosilicate glass so as to 
investigate the laser-material interactions under different operating conditions, such as 
changing the pulse energy and machining under different media, such as underwater, 
methanol, and acetone. The surface morphology of the ablated glass is analyzed using an 
optical microscope and MicroXam laser interference microscope.
2. To optimize the process parameters so as to produce a machined surface with 
minimal thermal damage.
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3. Analyze the effect of the liquid layer and low energy on the borosilicate glass 
workmaterial.
4. To conduct micromachining of quartz. As quartz is transparent, a new setup 
was developed to conduct experiments by changing the concentration of fluids used and 
changing the pulse energy.
5. To analyze the results after quartz micromachining, using MicroXam laser 
interference microscope.
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CHAPTER 6
EXPERIMENTAL SETUP AND TEST CONDITIONS
6.1. Introduction
Micromachining of Borosilicate glass, and quartz was conducted using a short 
pulse (FWHM= 25 ns) KrF ( = 248 nm) excimer laser that generates laser energy in the 
range of 100-600 mJ. The Excimer laser system can be divided into three main 
components: Excimer laser generator, stage and motion controller, and Optical or laser 
beam delivery system.  A computer is used to interface excimer laser generator with the 
stage and motion controller. In the following, the main components of the excimer laser 
system are briefly described.
6.1.1. Excimer laser generator system:  
 This system consists of a short pulse (FWHM= 25 ns) KrF ( = 248 nm) Lambda 
Physik COMPex205i excimer laser. The laser system uses a KrF gas as the lasing 
medium at  = 248 nm. The COMPex205i excimer laser is equipped with Lambda 
Physik’s NovaTube technology. Typical lifetime of gas of COMPex205i is on order of 
106 laser pulses. 
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Specifications of COMPex205i excimer laser are the following: 
Wavelength ()                         : 248 nm
 Energy                                      : 650 mJ 
 Maximum average power        : 30 W
 Maximum pulse repetition rate: 10 Hz
 Nominal pulse duration            : 25 ns
 Orientation of the laser beam   : horizontal
 Type of the homogenizer          : dual axis.
COMPex 205i is connected to an 115V (10%), 25A power supply. Table 6.1 gives the 
specifications of the gas system. 
Table.6.1 Specification of the gases used in laser ablation
Buffer Rare Halogen Inert
Type of Gas Ne Kr 5% Fluorine/ 95% He He
Purity 99.995% 99.99% 99.995% 99.995%
All the gas cylinders have a ¼” Gyrolock pressure regulator and the gases are injected 
and stored in the lasing tube. When the laser energy drops significantly the gases must be 
purged and replaced with a new fill. The valves and gas inlets are opened only during the 
refill process and are closed during all other times. 
The laser generator system is controlled by internal and external triggers. The 
control panel is used to purge gases, change the voltage, repetition rate, and pulse energy.
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6.1.2 Stage and Motion control:
An Aerotech’s ATS100-150 (X-axis), ATS100-100 (Y-axis) and AVS105 (Z-
axis) stages are used. The X and Y-axes stages are linear positioning devices that use a 
ball screw to drive the stage back and forth along a single axis of motion. The motion 
control card used is UNIDEX 500 system. This system is a combination of the U500 PC 
bus based motion control card and the windows based MMI interface software.  It 
integrates with amplifiers and positioning stages to form a complete, programmable, 
customized control system suitable for a wide range of motion control applications.
6.1.3. Optical or laser beam delivery system: 
The optical or laser beam delivery system comprises of five elements: attenuator 
module, homogenizer, field lens, mask, and doublet. The attenuator module controls the 
intensity of the laser. Homogenizer cuts the raw excimer laser beam into segments and 
overlay the segments at the object plane to create a homogeneous beam. The field lens 
gathers the laser light and converges it into a doublet. Mask controls the shape of the 
structures produced. Imaging doublet demagnifies the object or the mask. Figure 6.1 
shows the setup of the optical delivery system. The laser beam from the laser generator 
passes through a beam homogenizer. A mask is imaged on the workpiece located on an 
Fig.6.1.Schematic of the optical delivery system for laser micromachining
                        (Choo et al. 2004).
X-Y-Z table.
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Fig.6.2 (a) Schematic of experimental setup used in laser machining
         (Choo et al. 2004).
(b)
Fig.6.2 (b)  Photograph of experimental the setup used in laser machining (Choo 
et al.,2004).
Figs. 6.2 (a) and (b) show a schematic and a photograph of the experimental set up used 
in this investigation.
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CHAPTER 7
METHODOLOGY
7.1. Introduction
The standard test procedures for laser micromachining are as follows.
1. Sample preparation, 2. Determination of laser fluence, 3. Laser Micromachining, 
4. Laser micromachining in different media, 5. Optical microscopy, 6. MicroXam laser 
interference microscopy.
7.1.1 Sample Preparation
Steps to clean the sample before micromachining
1. Place the sample in a beaker with a detergent solution and subject to an ultrasonic 
treatment for 2 minutes.
2. Rinse with distilled water.
3. Place the sample in a beaker containing distilled water and subject to an ultrasonic 
treatment for 2 minutes.
4. Rinse with methanol.
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5. Place sample in a beaker containing methanol and subject to an ultrasonic 
treatment for 2 minutes.
6. Use compressed air to dry up the sample
7.1.2 Determination of Laser Fluence
Pulse energy decreases with the usage of laser energy. Hence, it is important to 
determine the fluence or energy per unit area each time prior to carrying out the 
experiments. A Molectron M400 energy detector is used to measure the laser energy. The 
fluence is calculated using the following equation:
               Eavg                                                                    (5.1)
 .(D/4)2
where, Eavg  is the average of the single pulse energy and D is diameter of the mask
7.1.3. Laser Micromachining
Excimer laser with 25 ns FWHM is used to machine glass substrate. The 
experimental results are presented in Chapters 8 and 9.
7.1.4. Micromachining in different media
A liquid medium is used to reduce thermal damage of the laser irradiated area and 
different liquids, such as methanol, acetone, and saltwater are also used.
7.1.5. Optical Microscopy
The surface profiles of the machined surfaces are observed using an optical 
microscope. The thermal damage caused under different laser micromachining areas are 
observed and compared.
f =
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7.1.6 MicroXam Laser Interference Microscopy
A MicroXam laser interference microscope is used for examining the machined 
samples. It uses different wavelengths of light to scan through the irradiated area and 
provides a three dimensional profile of the machined surface. The height and depth of the 
machined areas are obtained using this microscope.
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CHAPTER 8
MICROMACHINING OF BOROSILICATE GLASS USING AN 
EXCIMER LASER
8.1 Introduction
Borosilicate glasses have been widely used in microelectronics and 
optoelectronics industries. Because of short wavelength, excimer lasers are used for the 
ablation of semiconductor materials and especially thermally sensitive materials. One of 
the most important aspects of micromachining is the production of high quality machined 
surfaces. In the case of laser ablation, the surface of the ablated material is surrounded by 
redeposition of molten material or debris that has to be removed by other methods. One 
alternative would be to remove it during the ablation process itself. In this study, 
micromachining is conducted using different fluids, such as methanol, acetone by varying 
the concentrations with distilled water. A thin layer of oil and wax are applied on top of 
the borosilicate glass surface in order to investigate the surface morphology after laser 
ablation.
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8.2. Experimental set up:
The excimer laser micromachining system used in this investigation is described 
in Chapter 6.  The surface of borosilicate glass is irradiated with an excimer laser at 
different fluences and under different media. In the case of underwater machining, the 
borosilicate glass is immersed in water with water level ht. of 2 mm above the 
borosilicate glass surface. Fig.8.1 is a schematic showing the setup used. The borosilicate 
glass subjected to laser ablation is subsequently examined using conventional optical 
microscope and MicroXam laser interference microscope for surface mapping and to 
determine the ablation depth. 
Fig.8.1 Schematic of the setup for micromachining underwater (Choo et al., 2004)
A borosilicate glass (Corning 0211) was used as the workmateial in this 
investigation. Table 8.1 lists the properties of the glass used. Micromachining was 
conducted with different fluids, such as acetone, methanol and by varying the 
concentration with distilled water.
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Table 8.1. Properties for borosilicate glass (Corning 0211 glass)
General Properties :
Thickness 0.20 mm 
Density 2.53 gm/cm
3
Coefficient of expansion 0-300ºC 74x10
-7
ºC 
Annealing temperature 550 ºC 
Softening temperature 720 ºC 
Working temperature 978 ºC 
Chemical composition :
     Silicon dioxide 64% 
     Boron 9% 
     Zinc 7% 
     Potassium oxide 7% 
     Sodium oxide 7% 
     Titanium oxide 3% 
     Aluminum oxide 3% 
8.3. Results and Discussion:
Figs 8.2 (a) to (d) show optical micrographs of borosilicate glass ablated at a 
fluence of 2.43 J/cm2 in air, under water, and under 50% methanol and acetone. It can be 
seen that there is absence of thermal damage in the case of underwater, methanol, and 
acetone. But the number of cracks is considerably more in the case of machining under 
these fluids as compared to dry machining.  As reported by Park et al. (1996) when a 
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short pulse (ns) KrF excimer irradiates water on a solid surface it induces rapid thermal 
expansion and explosive vaporization. It is also reported that high pressures and high 
temperatures associated with laser driven shock waves result in cracking. Water 
facilitates the propagation of cracks due to thermal expansion leading to more number of 
cracks. It can be seen that cracks do not propagate beyond the laser-irradiated region 
Which is due to localized heating of the surface.
(a) In air (b) Underwater
100µm
100µm
100µm
100µm
          (c) 50 % methanol (d) Acetone
 Fig. 8.2 Optical micrographs of the top view of borosilicate glass ablated at a fluence 
of  2.43 J/cm2
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Fig. 8.3 shows the solid surface map of borosilicate glass in dry machining. It 
shows a thin rim around the ablated region. As reported by Yaker et al. (2003), this rim is 
a resolidified splash of the molten layer generated during the laser ablation process. 
Fig.8.3 Solid surface map of borosilicate glass in dry machining
The molten material moves from the center to the edge depositing a thin rim 
around the ablated area. Yaker et al. (2003) reported that two forces affect the surface of 
the molten layer, namely, thermocapillary forces and hydrodynamic forces. The 
hydrodynamic forces are due to pressure gradients caused by the plasma. The pressure 
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gradients are large at the edges of the ablated area because of plasma-air interface thereby 
driving the material from the hot center of the melt to the cold periphery.
Micromachining of borosilicate glass was also conducted with a layer of wax and 
thin layer of oil on top the workpiece so as to study the surface morphology. Figs.8.3 
shows the optical micrographs of borosilicate glass with wax and oil on top of the glass 
surface.
200µm 200µm
50µm50µm
(a) Wax (b) Oil
(c) (d)
Fig.8.4 Optical micrographs of glass with (a) and  (c) wax on top and  (b) and    
           (d) oil layer on top of the glass surface at a fluence of 2.43 J/cm2
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It can be seen from Figs.8.4 (a) to (d) that with a layer of wax on top of the glass 
surface, the number of cracks is considerably fewer as compared to underwater 
machining. The cracks are larger which are similar to those seen in dry machining in Fig. 
8.2. With a thin layer of oil similar results can be seen. The ablation depth is found to be 
less in the case of wax and a layer of oil because these absorb most of the laser energy 
during the ablation process.
8.3.1 Effect of low energy:
Laser ablation of borosilicate glass was performed using a low fluence and under 
different conditions, such as under methanol, with wax on top, and underwater. A mask 
of 1000 µm was used. Laser ablation was performed at low energy of (0.14 - 0.596 mJ). 
Table 8.2 shows different medium used for laser ablation at E = 0.535 mJ with a 1000 µm 
mask
Table 8.2 Different media used in laser ablation of borosilicate glass
Substrate Type of medium Ablation depth
Borosilicate glass 50% methanol + 50% distilled 
water
Built up of 12 nm
Borosilicate glass Underwater 350 nm
Borosilicate glass With wax on top 425 nm
Borosilicate glass Under salt water Built up of 4-6 nm
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(a)
(b)
Figs.8.5 (a) Top view and (b) 3D surface map of borosilicate glass under 
                          50 %methanol + 50 % distilled water at E = 0.535 mJ
                          (height ~ 12 nm).
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From Figs. 8.5 (a) and (b) it can be seen that instead of ablation there is built up 
with a height of ~ 12 nm. The fluid absorbs laser energy and as there is not enough 
energy to break the bonds a built up is seen.
.
(a)
(b)
         Figs.8.6 (a) Top view and (b) 3D surface map of borosilicate glass under water at 
                             E = 0.535 mJ (ablation depth = 350 nm) 
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(a)
Figs.8.7 (a) Top view and (b) 3D surface map of borosilicate glass with wax on 
                           top at E = 0.535 mJ (ablation depth = 425 nm) 
63
(a)
 Figs. 8.8 (a) Top view and (b) 3D surface map of borosilicate glass with salt 
                             water at  E = 0.535 mJ  
A similar phenomenon was observed when salt water (NaCl) is used. Salt water 
absorbs more energy and as a result of laser energy, crystals of salt are formed on the 
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surface. The surface is very rough and built-up height is approximately 4 to 6 nm. But for 
underwater and with wax on top, there is ablation and the ablation depth is more than 300
nm in both cases. Additional experiments were performed using a 300 µm mask and 
under different media. Using a 300 µm mask, the final size of the geometry is 60 µm.
Figs 8.9 to 8.12 show the laser ablation of borosilicate glass at low energy under different 
media.
(a)
(b)
Figs.8.9 (a) Top view and (b) 3D surface map of borosilicate glass underwater at 
E = 37.6 µJ
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(a)
(b)
Figs.8.10 3D surface map of borosilicate glass (a) dry and (b) under 50 % 
                            methanol +  50 % distilled water at E = 37.6 µJ 
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(a)
(b)
Figs.8.11 (a) Top view and (b) 3D surface map of micromachined borosilicate 
                            glass  first dry and then underwater at E = 37.6 µJ
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(a)
(b)
 Figs.8.12 (a) Top view and (b) 3D surface map of micromachined borosilicate 
                              glass first dry and then under 50 % methanol + 50 % distilled water at        
                              E = 37.6 µJ
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From Figs 8.9 (a) to (b) it can be seen that there is a built up (with height ~ 18 
nm) and the profile has a very sharp inverted V shaped structure at a laser fluence of 1.33 
J/cm2. In the range of this fluence, energy is not adequate to break the bond energy 
between the atoms and molecules. However, energy is enough to cause thermal boiling 
and thermal explosion and evaporation of the borosilicate glass. As reported by Chen et
al. (2004), a low fluence (0.6 and 1.4 J/cm2) photothermal ablation is more dominant and 
the thermal energy gradually transfers to the neighborhood. But, when machining is 
performed using 50% methanol + 50% distilled water, the built-up has a inverted U-
shape as compared to underwater at this particular energy with a mask of 60 µm. Energy 
is sufficient  to create plasma with the evaporated material that is caused by thermal 
ablation. This plasma cloud absorbs most of the laser energy, thereby reducing the final 
energy reaching borosilicate glass surface (Choo, 2004). The presence of sharp built-up 
may not be ideal for micromachining as it may lead to stress concentration. So, in order 
to avoid the sharp built-up, machining was performed first under dry condition and then 
underwater/methanol. Figs 8.11(a) and (b) and  8.12 (a) and (b) show the results of 
experiments. It can be seen that there is no longer a sharp built-up. The built-up as seen in 
Fig 8.12 (a) and (b) has a height of 8 to10 nm.
Additional experiments were conducted to check for repeatability. Figs 8.13 and 
8.14 show the results for a different geometry. It can be seen that the results are 
reproducible with a built up height of 14 to15 nm for underwater. Hence, absence of a 
sharp built-up by machining first dry and then under 50% methanol + 50% distilled water 
can also be seen. 
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(a)
(b)
Figs.8.13 (a) Top view and (b) 3D surface map of borosilicate glass underwater at 
                             E = 37.6 µJ
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Figs.8.15 (a) to (d) show photographs of laser machined geometries on 
borosilicate glass at a fluence of 2.81 J/cm2. These geometries are commonly used in the 
microelectronic industry. 
(a)
(b)
Fig.8.14 (a) Top view and (b) 3D surface map of micromachined borosilicate 
                     glass  first dry and then under 50 % methanol + 50 % distilled water at
                           E = 37.6 µJ
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                                   (a)   
Figs.8.15 (a) Photographs of circuit similar to the one used in flat panel              
                            display and (b) Microfluidic channel micromachined on  
                             borosilicate  
800µm
800µm
(b)
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600µm
Fig.8.15 (c) Spider circuit micromachined on a borosilicate glass and 
                           (d) An inductor micromachined by excimer laser used in flat  
                            panel display
The circuit shown in Fig 8.15 (a) is widely used in flat panel display. Similarly Fig. 8.15 
(b) is used as a microfluidic channel in the biomedical industry. Fig.8.15 (d) is an 
inductor circuit used in the electronic industry.     
800µm
(c)
  (d)
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CHAPTER 9
LASER INDUCED BACKSIDE WET ETCHING (LIBWE) OF 
QUARTZ USING EXCIMER LASER
9.1 Introduction
Laser induced backside wet etching (LIBWE) is a novel one step method for 
machining transparent materials, such as quartz, fused silica, and sapphire. Wang et al.
(2001) conducted laser ablation of polymethylmethacrylate (PMMA) films doped with 
aromatic organic compounds, such as pyrene and benzil. The polymer film, coated on the 
fused silica plate was irradiated with KrF excimer laser for 30 ns. One of the samples was 
irradiated from the opposite side due to an experimental mistake in the dark room. The 
authors found that the back surface of the fused silica plate was damaged along with the 
ablation of the polymer film. This accidental finding led to the origin of laser induced 
backside wet etching (LIBWE).
9.2 Experiment Set up for LIBWE
Schematic of the experimental setup used for quartz (thickness of 500 µm) 
etching is shown in Fig. 8.1. KrF laser (248 nm wavelength) was used as the laser source. 
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As shown in Fig. 8.1, the aqueous solution of toluene/ acetone is used in contact with one 
side of quartz plate, while irradiation is performed through the other side. Fig 9.2 shows 
the quartz transmission spectrum for different wavelengths.
Fig.9.1 Experimental setup for backside etching of Quartz
Mechanism of etching:
The reason for using toluene as an etchant is because it absorbs most of the 
induced laser energy and finally induces ablation of the solution. Kawaguchi et al. (2002) 
studied the laser ablation of toluene solution under KrF excimer laser. They observed that 
laser ablation of toluene solution induces transient pressure of order of 10-100 MPa 
which strongly contributes to etching by LIBWE.
LIBWE originates from laser ablation of the solution rather laser ablation of 
quartz. The toluene/acetone solution absorbs the laser energy and reaches high 
temperatures. The superheated liquid heats the surface of quartz and evaporates and 
KrF Excimer 
Attenuator
Homogenizer
Field 
Lens Mask
Specimen
Translation Stages
Toluene/acetone
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forms bubbles. These bubbles create high pressure, which interacts with surface of melted 
quartz and hence results in the ablation/etching.
Table 9.1: Threshold fluence of quartz by light induced backside etching (LIBWE) 
      and thermodynamic properties of quartz
Fig.9.2 Quartz transmission spectrum
Toluene:
Toluene is a clear, colorless liquid with a distinctive smell. It is used in paints, paint 
thinners, fingernail polish, lacquers, adhesives, and rubber and in some printing and 
leather tanning processes.
 The molecular formula is: C7H8   with a chemical structure
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9.3 Results and Discussion:
In this study the absorbing liquid is a solution of toluene either in acetone, methyl 
alcohol or ethyl alcohol with different concentrations.  The solutions used at room 
temperatures were replaced after each series of etching experiments. The experiments 
were carried at different pulse energies. Quartz is used as the substrate. The etched 
surfaces are subsequently examined using MicroXam laser interference microscope for 
surface mapping as well as to determine the ablation depth. 
Table 9.2 Fluids used in laser ablation of quartz at E = 0.522 mJ
Substrate Material
Fluid
Ablation depth in (nm)
Quartz Toluene: Methyl Alcohol
50: 50
70: 30
No Ablation
No Ablation
Quartz Toluene: Ethyl Alcohol
50:50
70:30
No ablation
No ablation
Quartz Toluene: Acetone :: 50:50 No ablation
Quartz Toluene: Acetone:: 70:30 735 nm
Quartz Toluene: Acetone:: 80:10 879 nm
Quartz Toluene: Acetone:: 90:10 1025 nm
Quartz Toluene: Acetone :: 85:15 1112 nm
Quartz Toluene 100% 1140 nm
It can be seen from Table 9.2 that when toluene was mixed with different 
concentrations of methyl alcohol and ethyl alcohol, there was no ablation of quartz at E = 
0.522 mJ. These results show that toluene/acetone solution is not completely consumed 
or decomposed by repeated laser irradiation.  Also, there was no ablation when toluene 
and acetone are used  at 50:50. But when the concentration of toluene was increased (and 
a decrease in the concentration of acetone) ablation was observed. 
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Fig.9.3 (a) Top view of quartz (100% Toluene)
Fig.9.3 (b) 3D solid surface map of quartz (100% Toluene)
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Fig.9.3(c) 3D wire map of quartz (100% Toluene)
From the Table 9.2, it can be seen that for concentration of toluene/ acetone :: 
85:15, an ablation depth of 1.12 µm can be noted. It can be seen that with 100% toluene, 
the ablation depth was highest at this particular energy. Figs. 9.3 to 9.6 show backside 
wet etching of quartz with different concentrations of toluene/acetone at E = 0.522 mJ.
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Fig.9.4 (a) Top view of quartz (toluene: acetone:: 90:10)
Fig.9.4 (b) 3D solid surface map of quartz (toluene: acetone:: 90:10)
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Fig.9.4(c) 3D wire map of quartz (toluene: acetone:: 90:10)
It can see that from Figs. 9.3 (a) to (c) there is over etching of the quartz surface 
with 100 % toluene. The possible explanation for the over etching is, that toluene absorbs 
most of the laser energy and as result induces pressure. This leads to vaporization of 
toluene and formation of bubbles. These bubbles create a pressure jump, which interacts 
with the surface of quartz and hence removes the material by mechanical force thereby 
resulting in overetching.  
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Fig.9.5 (a) Top view of quartz (toluene: acetone:: 70:30)
Fig.9.5 (b) 3D solid surface map of quartz (toluene: acetone:: 70:30)
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Fig.9.5 (c) 3D wire map of quartz (toluene: acetone:: 70:30)
Over-etching takes place when etching temperature is too high i.e. laser induced 
temperature of toluene solution. Another possible reason is that the concentration of the 
solution is very strong. It can see that from Figs. 9.4 (a) to (c) that there is uniform 
etching of the quartz surface. This can be due to high concentration of toluene/acetone 
mixture. Hence, additional experiments were conducted in this range to obtain the right 
concentration of toluene/acetone.
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Fig.9.6 (a) Top view of etched surface of quartz (toluene: acetone:: 85:15)
Fig.9.6 (b) 3D solid surface map of quartz (toluene: acetone:: 85:15)
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Fig.9.6 (c) 3 D wire map of quartz (toluene: acetone:: 85:15)
It can be seen from Figs. 9.5 (a) to (c) that as the concentration of toluene is 
decreased and the concentration of acetone is increased, the etching is not uniform and 
the surface is rough.  Also, the etching rate was found to be less. From this we can see 
that for uniform etching the control of chemical composition is very critical.  From Figs. 
9.6 (a) to (c), we can see very uniform etching and the surface morphology is very 
smooth. Also, no debris was observed around the etched surface.  The ablation depth was 
also found be 1.112 µm which is higher than other concentrations of toluene/acetone. 
Based on this observation the concentration of toluene/acetone was kept at 85:15, and 
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additional tests were conducted by changing the pulse energies and the surface 
morphology of etched quartz surface was studied.
Figs 9.7 to 9.13 show the etched surface of quartz with toluene/acetone 85:15 at 
different energies.
Fig.9.7 (a) Top view of the etched surface of quartz at E = 0.826 mJ
Fig.9.7 (b) 3D wire map of the etched surface of quartz at E = 0.826 mJ
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Fig.9.7(c) 3D solid surface map of quartz at E = 0.826 mJ
From Figs. 9.7(a) to (c), we can see that at high energy the surface is debris free. 
Also, laser etching of quartz is uniform but the etched area is rough. As a result of high 
energy, the laser induced temperature increases and leads to the vaporization of the 
solution of toluene/acetone and results in the formation of bubbles. The rapidly 
expanding or collapsing bubbles interact with the quartz substrate and remove the 
material by mechanical force thereby resulting in rough etched surface. This result 
indicates that etch rate and the etched surface quality depends on the laser fluence.
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Fig.9.8 (a) Top view of the etched surface of quartz at E = 0.789 mJ
Fig.9.8 (b) 3D wire map of the etched surface of quartz at E = 0.789 mJ
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Fig.9.8 (c) 3D solid surface map of quartz  at E = 0.789 mJ 
Fig.9.8 (d) X-Y profile of the etched surface of quartz at E = 0.789 mJ
89
Fig.9.9 (a) Top view of the etched surface of quartz at E = 0.757 mJ
Fig.9.9 (b) 3D wire map of the etched surface of quartz at E = 0.757 mJ
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Fig.9.9(c) 3D solid surface map of quartz at E = 0.757 mJ)
Fig.9.9 (d) X -Y profile of the etched surface of quartz at E = 0.757mJ
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Fig.9.10 (a) Top view of the etched surface of quartz at E = 0.704 mJ
Fig.9.10 (b) 3D wire map of the etched surface of quartz at E = 0.704 mJ
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Fig.9.10(c) 3D solid surface map of quartz at E = 0.704 mJ
Fig.9.10 (d) X-Y profile of the etched surface of quartz at E = 0.704 mJ
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Fig.9.11 (a) Top view of the etched surface of quartz at E = 0.652 mJ
Fig.9.11 (b) 3D wire map of the etched of quartz at E = 0.652 mJ
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Fig.9.11 (c) 3D solid surface map of quartz at E = 0.652 mJ)
From Figs. 9.11 (a) and 9.12 (c), we can see that the etched surface is again rough 
and some part of the surrounding area is also etched.  Thus, we can see that energy and 
concentration of organic solution have an affect on the etched surface. The X-Y profiles 
also show that surface is rough. From Figs. 9.13 (a) to (c), we can see that X-Y profile is 
smooth and also etching is uniform. Thus, from these experiments we can see that 85:15 
of toluene/acetone concentration and an energy of E = 0.522 mJ results in debris free, 
uniform etching of quartz.
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Fig.9.12 (a) Top view of the etched surface of quartz at E = 0.596 mJ 
Fig.9.12 (b) 3D wire map of the etched surface of quartz at E = 0.596 mJ
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Fig.9.12 (c) 3D solid surface map of quartz at E = 0.596 mJ 
Fig.9.12 (d) X-Y profile of the etched surface of quartz at E = 0.596 mJ
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Fig.9.13 (a) Top view of the etched surface of quartz at E = 0.522 mJ
Fig.9.13 (b) 3D wire map of the etched surface of quartz at E = 0.522 mJ 
98
Fig.9.13 (c) 3D solid surface map of quartz at E = 0.522 mJ
Fig.9.13 (d) X-Y profile of the etched surface of quartz at E = 0.522 mJ
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Fig.9.14 shows the variation of ablation depth with fluence for quartz backside 
wet etching for toluene/acetone:: 85:15.
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Fig.9.14 The variation of ablation depth with fluence
It can be seen that etching of quartz shows the same features as laser ablation, 
where threshold fluence exists below which no etching takes place. The threshold fluence 
for quartz was determined experimentally by measuring ablation depth at different 
fluences. The threshold fluence of quartz was found to be 0.604 J/cm2, which is very 
close to value of 0.5 J/cm2, reported by Ihlemann et al. (1992). As reported by 
Kopitkovas et al. (2003) these values are well below the damage threshold of quartz, 
which ranges from 10 to 20 J/cm2. At a fluence of 0.39 J/cm2, no ablation was observed. 
It can also be seen from Fig. 9.14 that the ablation depth increases slowly at low fluences 
than at high fluences. At high fluence, the ablation depth increases linearly with the 
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fluence. But from Figs. 9.6 to Fig. 9.11, we have seen that at high fluences the etched 
surface is rough. Hence, efficient etching depends upon the applied laser fluence as well 
as deposition of laser energy in toluene/acetone layer.
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CHAPTER 10
CONCLUSIONS
The goal of this investigation is to study the effect of different laser processing 
parameters such as pulse energy, media, and micromachining different geometries. 
Following are the key features and results of this investigation:
1. Micromachining was conducted under methanol, water, dry, and acetone. 
Differences in the nature of ablation were observed with absence of thermal 
damage in the case of micromachining under fluids while thermal damage in the 
case of dry micromachining.
2. Water acts as a cooling media and carries away the debris generated during laser 
ablation.
3. At a low energy of 0.535 mJ and with a mask of 1000 µm built up of 12 nm was 
observed in the case of machining under 50% methanol + 50% distilled water and 
built-up of 4-6 nm was observed in the case of machining under salt water but the 
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surface was very rough. At this energy, ablation was observed for underwater and 
with wax on top with an ablation depth of more than 300 nm. 
4. A mask of 300 µm was used and micromachining was performed at low energy in 
different media. For underwater, a built up of 18 nm was observed with a sharp 
profile of inverted “V”. Results of tests under 50% methanol + 50% distilled 
water showed a built- up with an inverted “U” profile.
5. The sharp profile of the built-up obtained during low energy can be avoided by 
machining first dry and then under water.
6. Quartz backside etching was performed using toluene/acetone as liquid solution.
7. Concentrations of fluid were varied alongwith pulse energies. Good ablation 
depth as well as good surface finish with no cracks was observed at energy of 
0.522 mJ and concentration of toluene/acetone of 85:15.
8. Several geometries used in MEMS applications such as microfluidic channels, 
display panel circuit, inductor circuits were fabricated on borosilicate glass using 
KrF excimer laser 248 nm. They are inductors, different circuits used in the 
electronic industry, and geometries that find applications in medical applications, 
such as microfluidic channels.
Future Work
In this investigation micromachining was conducted on borosilicate glass and quartz 
using a circular mask of diameter 1000 µm and 300 µm, respectively. 
In future, different shapes of mask can be used. A mask with a smaller size can be 
used to machine complex geometries.
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• Different materials, such as fused silica can be used for backside wet etching 
(BSWE) and to study the laser-material interactions.
• MD simulation of laser ablation can be performed and compared with the 
experimental results.
• Laser deposition on samples, such as glass can be performed using pulsed laser 
deposition followed by micromachining.
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Scope and Methodology of Study:
Borosilicate glass, because of its optical transparency, electrical insulation, and 
thermal stability is widely used in the field of microelectronic industries. Microdevices 
composed of glass materials are in great demand in microelectormechanical system 
(MEMS) industry and sensor technology.  But because of their inherent brittleness, 
they are difficult to machine by most conventional machining techniques. Further, UV 
transparent materials, such as quartz and sapphire are materials of importance in 
optical and optoelectronics because of their outstanding properties, such as 
transparency in a wide wavelength range and strong damage resistance for laser 
irradiation. However, laser micromachining of these dielectrics is restricted due to 
their high transparency. Laser induced backside wet etching (LIBWE) is a novel one 
step process for machining transparent materials, such as quartz, fused silica, and 
sapphire. Excimer lasers possess short pulse lengths, high average as well as peak 
powers. This lends excimer laser as an appropriate tool for micromachining 
applications. An Excimer laser (248 nm FWHM = 25 ns) is used in this investigation 
for micromachining of borosilicate glass and quartz. 
Findings and Conclusions:
The machined surfaces were examined using optical and laser interference 
microscopes (MicroXam). The effect of process parameters, such as pulse fluence and 
different media on the resulting machining geometry is studied. Micromachining was 
conducted under methanol, water, dry, and acetone. Differences in the nature of 
ablation are observed with absence of thermal damage in the case of micromachining 
under fluids while presence of thermal damage in the case of dry micromachining.
Quartz backside etching was performed using toluene/acetone as liquid solution. 
Concentrations of fluid were varied alongwith pulse energies. Good ablation depth as 
well as good surface finish with no cracks was observed at an energy of 0.522 mJ and 
concentration of toluene/acetone of 85:15. Several geometries used in MEMS 
applications were fabricated on borosilicate glass using KrF excimer laser (248 nm) 
wavelength. They are inductors, circuits used in the electronic industry and geometries 
that find applications in medical applications such as microfluidic channels
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